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A B S T R A C T

Nowadays, geothermal energy in shallow hot dry rock fields is not exploited enough due to the high
economic and environmental impact as well as the lack of scalability of the existing technologies. Here,
thermoelectricity has a great future potential due to its robustness, absence of moving parts and modularity.
However, the efficiency of a thermoelectric generator depends highly on the heat exchangers. In this work, a
novel geothermal thermoelectric generator is experimentally developed, characterizing different configurations
of biphasic heat exchangers to obtain low thermal resistances that allow the maximum efficiency in the
thermoelectric modules. As a result, robust and passive heat exchangers were obtained with thermal resistances
of 0.07 K/W and 0.4 K/W in the hot and cold sides, respectively. The geothermal thermoelectric generator
was built with the most effective heat exchangers and was experimented under different temperature and
convection conditions, generating 36 W (17 W by a prototype with 10 modules and 19 W by a prototype
with 6 modules) for a temperature difference of 160 ◦C between the heat source and the environment.
Furthermore, the experimental development showed that it is possible to increase electricity generation with a
more compact generator, since a decrease in the number of modules from 10 to 6 increases the efficiency from
3.72% to 4.06%. With this research, the feasibility of a novel and robust geothermal thermoelectric generator
whose working principle is phase change has been experimentally demonstrated, as well as the importance of
compactness to maximize its efficiency and thus, power generation.
1. Introduction

The relentless increase in global energy demand and the over-
development of fossil resources have led during the last century to a
climate crisis. In this context, a transition from fossil fuels to renewable
sources is highly needed. This is why most countries are making efforts
to promote renewable energies, in order not to overpass the 1.5 ◦C
target of Paris Agreement [1]. In recent years, hydro, wind and solar
power have become the most popular ones due to their technological
development, inducing a decrease in their prices. The problem is that
these sources depend on the weather and they are not continuous.
Geothermal energy has the advantage of a great stability producing
non-stop energy, but this renewable source has been left behind the
others in terms of growth rate and installed capacity due to the high
initial investment, long payback time and construction time, difficulty
to assess resource and to modularize [2]. It is estimated that if only
1% of geothermal heat available in the Earth’s crust could be used, it
would provide all the energy that the planet requires for 2800 years
at a constant consumption rate [3]. Against this backdrop, it is im-
portant to bolster technology and harness the geothermal potential
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that exists in many regions. This will help to achieve the Sustainable
Development Goals, specifically number 7 ‘‘Ensure access to affordable,
reliable, sustainable and modern energy for all’’ and 11 ‘‘Make cities
and human settlements inclusive, safe, resilient and sustainable’’, which
were adopted by all United Nations Member States in 2015 to provide
a shared blueprint for peace and prosperity for people and the planet
before 2030 [4].

Geothermal energy can be used directly as heat and indirectly
when it is converted into electricity. There are different geothermal
resources depending on their temperature, and the type determines
their utilization method. Low enthalpy resources (<100 ◦C) are used for
heating, while electricity is generated with medium (100–150 ◦C) and
high (>150 ◦C) enthalpy resources.

Nowadays, to obtain electric power from geothermal heat it is
necessary a geothermal plant working with a thermodynamic cycle.
Geothermal conventional power plants are similar to steam power
plants, but they use Earth as a natural boiler [5]. In these systems,
Earth’s heat produces steam that, by expanding through a turbine, will
excite a generator with a rotative movement, generating electricity.
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Nomenclature

Variables

𝛥T Temperature difference (◦C)
�̇� Heat flux (W)
𝜂 Efficiency
𝜂𝑓𝑖𝑛𝑠 Fins’ efficiency
𝐴 Area (m2)
ℎ Heat transfer coefficient (W∕m2K)
𝐼 Intensity (A)
𝑘 Thermal conductivity (W∕mK)
𝑚 Number of thermoelectric modules in a

GTEG
𝑃 Electric power (W)
𝑅 Thermal resistance (K/W)
𝑅𝐿𝑜𝑎𝑑 Load electrical resistance (Ω)
𝑇 Temperature (◦C)
𝑉 Voltage (V)
𝑣 Velocity (m∕s)

Subscripts and Superscripts

𝑎𝑚𝑏 Ambient
𝑏 Boiling
𝐶 Cold side of the thermoelectric module
𝑐 Condenser/Condensation
𝑐𝑜𝑛𝑑 Conductive
𝑐𝑜𝑛𝑣 Convective
𝑔 Ground
𝐻 Hot side of the thermoelectric module
ℎ𝑝 Heat pipe
𝑙𝑜𝑠 Losses
𝑚𝑜𝑑 Module
𝑡𝑜𝑡 Total

Abbreviations

[CHE] Cold side Heat Exchanger
EGS Enhanced Geothermal System
F Forced convection
GTEG Geothermal Thermoelectric Generator
HDR Hot Dry Rock Field
HHE Hot side Heat Exchanger
N Natural convection
TEG Thermoelectric Generator
TEM Thermoelectric Module
TIM Thermal Interface Material
TPCT Two Phase Closed Thermosiphon

This technology always requires a geothermal system, which basically
consists of a heat source, a carrier fluid and a reservoir.

High enthalpy reservoirs use the steam extracted from the resource,
either directly (dry steam plants) or after a separation process in case
there is water in the mixture (flash plants). The expanded steam is usu-
ally condensed for re-injection into the geothermal reservoir, creating
a Rankine cycle. However, it sometimes happens that the degree of
salinity is too high or that the temperature range is not sufficient. In
such cases, the extracted mixture heats a secondary fluid that performs
the cycle. These cycles are known as binary cycles. The secondary fluid
2

can be water (conventional Rankine cycle) or other fluids that have
low boiling points and high vapor pressures at low temperatures [6]
(organic Rankine cycles or Kalina cycles) [7].

Among the high enthalpy geothermal resources, there is one, called
hot dry rock field (HDR), which consists of hot impermeable rocks.
Thus, these fields have naturally a heat source but not a fluid nor
a reservoir. HDR represents over 99% of the total U.S. geothermal
resource [8]. By the moment, there exists only one way to exploid
this kind of geothermal field, in which boreholes are drilled and water
is artificially injected into hot igneous rock that is heated by a pro-
cess similar to the hydrothermal system [9], originating a man-made
reservoir of several kilometers deep. This method, called Enhanced
Geothermal System (EGS), may induce seismicities and entails a high
economic expense and a high environmental impact. Moreover, the
actual HDR turbine-based plants, do not permit scalability and that
makes it difficult to operate at low power, they are only viable for high
power. In this work, a novel technology is proposed to take advantage
of shallow hot dry rock fields causing less impact and solving the
mentioned problems: a geothermal thermoelectric generator (GTEG).
It has been specifically developed for its future application in the
shallow geothermal anomalies of Timanfaya National Park (Spain),
where temperatures of 100–400 ◦C can be found at 1 m deep inside
the ground [10,11].

A geothermal thermoelectric generator is a solid-state device that
directly transforms thermal energy from the superficial Earth’s crust
into usable electricity. It contains three principal parts: The hot side
heat exchanger (HHE), the thermoelectric module (TEM) and the cold
side heat exchanger (CHE). The hot side heat exchanger transports the
heat from a heat source (the geothermal source) to the hot side of the
TEM. The thermoelectric module is the most important part, which
is responsible of transforming part of the heat into electricity thanks
to the Seebeck effect. The heat that is not transformed into electric
energy must be dissipated into the cold source, usually the environ-
ment, for which a CHE is used. The module’s efficiency highly depends
on the temperature difference between its hot and cold sides [12].
These temperatures respectively depend on the ones of the heat and
cold sources and on the thermal resistance of the heat exchangers,
in the way that the lower their thermal resistances, the more similar
the temperatures of the source and the module’s face. This solution
involves numerous advantages: robustness, modularizing capacity, no
moving parts, no maintenance requirements, noiseless and minimal
environmental impact.

Different thermoelectric generators (TEG) for geothermal energy
can be found in the literature. Most are computational studies and few
experimental, and what is more, in order to apply thermoelectric gen-
eration to geothermal energy, all of them use moving parts to circulate
a fluid [13], thus losing the intrinsic advantage of thermoelectricity:
the absence of moving parts.

Some researchers’ aim is to increase the efficiency of conventional
cycles such as Rankine or Kalina by introducing thermoelectricity
[14]. By way of example, Khanmohammadi et al. [15], Gholamian
et al. [16], and Malik et al. [17] propose TEGs for waste heat recovery
in geothermal plants to increase the plant’s output power.

Other authors are focused only on thermoelectric generators (TEGs)
without conventional cycles. Sutter et al. modeled and optimized a
1 kWe thermoelectric stack for geothermal heat conversion with hot
water inlet and outlet temperatures of 140 ◦C and 20 ◦C [18]. Liu
et al. experimented in the laboratory a thermoelectric generator to
use geothermal low-temperature heat, proposing a heat transmission
by means of fluid from the geothermal source to the thermoelectric
modules. They first esteemed (using experimental data) a generation
of about 500W with a temperature difference of about 200 ◦C between
the hot and the cold side. Then, they developed a generator of 1 kW
that worked with a temperature difference of around 120 ◦C using
600 TEMs. Their last experiment was a five-layer TEG which reached
to generate 45.7W with a 𝛥T of 72.2 ◦C between the hot and cold

sides, in order to modularize for large-scale energy production [19–21].
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Wang and Wu investigated a method to enrich the geothermal power
generation in horizontal wells by attaching thermoelectric generators
(TEG) to the outer surface of the tubing. With their simulation model,
they obtained a total output power of 128W [22]. Dell et al. developed
a thermoelectric generator that can produce more than 5W in steady-
state in an environment which has a difference of 130 ◦C between the
ambient air temperature and the surface of a geothermal steam pipe
in Iceland [23]. Also for low geothermal temperatures, a portable ther-
moelectric generator was designed and experimented by Ahiska and
Mamur, obtaining a maximum power of 41.6W when the temperature
difference between the surfaces of the TEG was 67 ◦C [24].

All the examples mentioned above use fluid as a heat carrier, which
entails the use of pumps. Moreover, none of them is designed for
high temperature geothermal fields. The only thermoelectric generator
proposed to take advantage of the high enthalpy geothermal anomalies
in hot dry rock fields is the one designed, computationally studied and
validated by Catalan et al. [25]. It consists of biphasic thermosiphons
with water as working fluid in both sides of the thermoelectric modules.
This way, the solution has the advantage that it does not need water
pumping, so it does not produce noise and it does not need maintenance
nor auxiliary consumption. In their paper, a computational study is
developed to model the GTEG’s possibilities in a real location: Timan-
faya National Park (Canary Islands, Spain), which is one of the greatest
shallow HDR fields in the world [26,27]. They simulated the GTEG’s
behavior under different conditions and they computationally demon-
strated the importance of using heat exchangers with low thermal
resistance in order to maximize power generation [25].

As laboratory work should be done, this research deepens in the
experimental operation of a geothermal thermoelectric generator based
in biphasic passive heat exchangers, with the objective of obtaining
the maximum power generation and optimizing the occupied space.
Hence an experimental study of this technology is carried out, com-
paring the number of modules, different geometries of the cold side
heat exchanger and different hot side thermosiphon heights in order
to achieve robustness and compactness by using exchangers without
moving parts and with low thermal resistances that allow maximizing
the generation.

In Section 2, the heat exchangers are experimentally studied to
select the best option for both the hot and cold sides. Section 3 describes
the geothermal thermoelectric generator from the design to the final
assembly. In Section 4, the results of the GTEG’s experimentation are
collected and finally, Section 5 contains the conclusions of the work.

2. Characterization of the heat exchangers

This geothermal thermoelectric generator works as Fig. 1 depicts. A
two phase closed thermosiphon is inserted into the ground in a shallow
hot dry rock field. As it absorbs the geothermal heat, the water inside
boils and ascends to the upper part, where thermoelectric modules
are located on the external surface. Here, the water inside condenses,
transferring its latent heat of condensation to the modules. These mod-
ules directly transform part of the heat into electricity and the rest is
dissipated to the environment by the cold side heat exchangers, which
consist of aluminum fins dissipater with heat pipes, whose working
principle is also phase change [25].

According to the thermal equivalent circuit of the GTEG represented
in Fig. 1, the thermal resistances of the different parts of the GTEG have
been studied. The heat flux extracted from the geothermal ground fol-
lows Eq. (1), where 𝑃 is the electric power generated by each module,
�̇�𝐶 is the heat flux through the cold side heat exchangers and 𝑚 the
number of thermoelectric modules installed. The thermal resistance of
the hot side heat exchanger (the two phase closed thermosiphon) 𝑅𝐻𝐻𝐸
orresponds to Eq. (2), which is obtained by dividing the temperature
radient between the temperature of the ground and the one of the
odules’ hot side, by the heat flux extracted. In the same way, the

old side heat exchanger’s thermal resistance 𝑅 is obtained by
3

𝐶𝐻𝐸
dividing the temperature gradient between the modules’ cold side and
the environment, by the heat flux through it (Eq. (3)). Finally, the total
thermal resistance of the GTEG can be obtained by Eq. (4).

̇𝑄𝐻 = 𝑃𝑚 − �̇�𝐶𝑚 (1)

𝑅𝐻𝐻𝐸 =
𝑇𝑔 − 𝑇𝐻
�̇�𝐻

(2)

𝑅𝐶𝐻𝐸 =
𝑇𝐶 − 𝑇𝑎𝑚𝑏

�̇�𝐶
(3)

𝑅𝑡𝑜𝑡 = 𝑅𝐻𝐻𝐸 +
𝑅𝑚𝑜𝑑
𝑚

+
𝑅𝐶𝐻𝐸
𝑚

(4)

If the heat exchangers’ resistances are improved, the temperatures
of the hot and cold sides of the module will be closer, respectively, to
those of the hot and cold sources, so the TEMs efficiency will increase.
This brings also another benefit: we will be able to extract a higher
heat flow from the hot source. By passing a higher heat flux through
the modules, the electrical power output is maximized.

As the heat exchangers are crucial for the operation of the GTEG,
it is important to perform a deep analysis of their behavior separately.
The experimental study of the heat exchangers had two objectives.

On the one hand, the objective for the hot side heat exchanger
(TPCT) was to test for the first time that a thermosiphon of 3m long
is capable of transmitting the heat without big temperature losses from
the hot source to the part where TEMs will be located. It is of interest
to study how it works in different levels of the surface because TPCT’s
necessary length depends on the number of thermoelectric modules.
The analysis will determine how this affects heat transportation. It is
expected that, according to Eq. (4), if the modules number is increased,
the efficiency and output power per TEM will decrease because the hot
side thermal resistance per thermoelectric module is increased and that
would lead to a decrease in 𝑇𝐻 .

On the other hand, the second objective was to select the geometry
and disposition of the cold side heat exchangers. These must have low
thermal resistance in order to transport a heat flux that allows the
modules to work with higher efficiency and more heat-to-electricity
transformation. The lower their thermal resistance is, the higher the
heat flux the cold side heat exchanger is able to transport.

The design of both exchangers should ensure a compact GTEG,
which does not have a major environmental impact and which is also
able to take advantage of the wind, an important factor for these totally
passive heat exchangers to improve the convection coefficient, thus
reducing their thermal resistance and increasing the power generated
by the modules.

2.1. Hot side heat exchanger

The developed hot side heat exchanger of the GTEG is a two phase
closed thermosiphon made of a 3 m copper tube with a diameter of
41.27 mm. These dimensions are based on previous computational
studies of Catalan et al. [25]. It is responsible for transporting heat
from the heat source (the geothermal ground) to the hot side of the
TEMs. For that purpose, 2 m long will be inserted in the ground, since
the temperature profile of the borehole where the generator will be
installed shows that temperature does not significantly increase from
1.5 m deep, and 1 m will be out, since it is the part where TEMs would
be located.

In order to determine if the TPCT was capable of transmitting the
heat by means of phase change from the heat source to the modules,
some experiments were performed. It was of interest to see if it reached
an acceptable temperature distribution along different levels of the
tube. Rope heaters were placed along 2 m of the TPCT to simulate
the geothermal heat source and this part was insulated with rock wool.
Fig. 2 represents the experimental assembly of these experiments. K-
type thermocouples were placed in some levels of the TPCT as Fig. 2

shows, and temperature measurements were recorded. Tests were made
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Fig. 1. Schematic of a Geothermal Thermoelectric Generator (GTEG).
Table 1
Heat fluxes and temperatures of the heat source for each test.
�̇� (W) 72.71 108.33 124.73 132.56 157.16
𝑇𝑔 (◦C) 90.0 120.0 130.0 140.0 160.0

with the power source providing different heat fluxes (�̇�) in order to
obtain different temperatures representing conditions in the ground of
the hot dry rock field in Timanfaya National Park. Values of heat flux
and temperature are detailed in Table 1.

�̇� = 𝑉𝑠𝑜𝑢𝑟𝑐𝑒𝐼𝑠𝑜𝑢𝑟𝑐𝑒 (5)

The heat flux through the hot side heat exchanger was considered
the provided by the source, as the insulation was enough to assume
negligible losses. The thermal resistance 𝑅𝐻𝐻𝐸 of the TPCT was cal-
culated according to Eq. (2), where 𝑇𝑔 is the temperature of the heat
source simulating the ground, 𝑇𝐻 was calculated as the average value
of the 5 upper part levels and �̇� is the heat flux that goes through the
TPCT from the lower part where the hot source is located to the upper
part. This lead to the results represented in Figs. 3 and 4.

Fig. 3 shows that the temperatures’ distribution along the hot side
heat exchanger for different source temperatures has a decreasing
tendency with height, reaching a maximum temperature decrease from
the hot source to the 5th level of 14.6 ◦C.

According to these results, the upper part of the TPCT must hold
the thermoelectric modules in the shortest possible length so that the
temperature does not fall too much in the last levels.

As mentioned in the beginning of this section, low thermal resis-
tances in the heat exchangers are important in order to maximize the
power generation. It can be observed in Fig. 4 that this heat exchanger
based on phase change follows the characteristic decrease of thermal
resistance when the heat flux increases. The reason is that a higher
heat flux produces higher temperatures at the TPCT, thus the boiling
and condensation coefficients are improved and the associated thermal
4

resistances reduced. Accordingly, the TPCT’s thermal resistance dimin-
ishes from a value of 0.15K∕W when it transports 73W to 0.07K∕W
with 157W.

This implies that if more thermoelectric modules and, thus, more
cold side heat exchangers are added, it will make the heat flux in-
crease, the thermal resistance decrease and that is translated into a
higher power generation [25]. Besides that, as seen in Fig. 3, these
thermoelectric modules should be compacted in the shortest length in
order not to lose temperature with height. Otherwise, a decrease in the
upper temperatures would produce a lower 𝛥𝑇 between the TEM’s hot
and cold sides inducing less efficiency per module and thus a lower total
generated power. These results lead to the conclusion that compactness
in the cold side heat exchangers is strongly needed to maximize power
generation.

2.2. Cold side heat exchangers

The cold side heat exchanger consists of four 500 mm long sintered
heat pipes with a diameter of 8 mm inserted horizontally and then
inclined in a 70 × 90mm2 fins dissipater with a base 14.5 mm thick
and fifteen 40 × 1.5mm2 corrugated fins. The TPCT’s study indicated
that it is desirable to install more TEMs, but that they do not take up
much space in the tube in order not to lose efficiency in the modules.
Although having the heat pipes vertically would permit a better return
of the internal fluid, the configuration with horizontal heat pipes
permits installing more heat exchangers per unit of length, since less
separation is required, leading to more compactness. It is known that
the inclination angle affects the performance of heat pipes [29]. In
order to see if this configuration affects the CHE’s performance, first its
thermal resistance was obtained for different heat fluxes in completely
vertical and then in horizontal position. The next step consisted in
bending the heat pipes with the desired curvature and test again in
the same way. Finally, commercial aluminum 104 × 27.5 × 0.3mm3 fins
were added with a separation of 5 mm [30], trying to cover the longer
length of the tubes as possible and it was characterized once again.
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Fig. 2. Schematics of the Two Phase Closed Thermosiphon (TPCT) tests.

Fig. 3. Temperature distribution obtained in the TPCT tests.

The methodology followed to determine the thermal resistance of
each case is summarized in the schematics of Fig. 5. Hence, cartridge
heaters supplied the heat flux �̇�𝐶 of each experiment by Joule effect.
Rock wool insulation was added around these heaters so that heat
flowed through the heat exchanger. The temperature at the base of
the heat exchanger 𝑇𝐶 and in the climatic chamber 𝑇𝑎𝑚𝑏 were mea-
sured, based on which the thermal resistance was calculated according
to Eq. (3). In all the tests, the ambient temperature of the climatic
chamber was 20 ◦C and the air velocity was 1m∕s.

Fig. 6 shows the results of the 4 configurations studied: in com-
pletely vertical position, completely horizontal, then with bent tubes
5

Fig. 4. Thermal Resistance of the TPCT. Uncertainties have been calculated according
to [28].

Fig. 5. Schematics of the test to determine the thermal resistance of the cold side heat
exchangers.

and finally the working configuration, with bent tubes and fins. Here,
the characteristic decrease of thermal resistance with increasing heat
fluxes of phase change heat exchangers can be observed once again.

The horizontal configuration presents the highest thermal resis-
tance, reaching 1.08K∕W for a 20W heat flux. If the configuration is
vertical, this thermal resistance decreases 12.8%. But if the thermal
resistance in the vertical configuration is compared to the one with bent
tubes, these are very similar, with an average value of 0.87K∕W in both
cases. This means that there is no influence of the horizontal section of
the tubes.

As the thermal resistance of the cold side heat exchanger with
vertical heat pipes is nearly the same as with horizontal bent heat pipes,
and this last shaping allows more compactness, it is confirmed that the
chosen configuration is the most adequate for this GTEG.

The last test was in the configuration with bent tubes and fins. Here,
the thermal resistance decreases 52.87% from the result with only bent
tubes. The reason is that convection resistance is the most influential,
and, according to heat transfer laws, fins reduce this resistance. The
thermal resistance of the heat exchanger in this configuration, that was
decided to be placed at the developed GTEG, varies between 0.42K∕W
for a 20W flux and 0.40K∕W for a 140W flux.

Although these values are slightly higher than the ones obtained
by simulation with loop thermosiphons by Catalan et al. which had
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Fig. 6. Thermal resistance results of the Cold Side Heat Exchanger. Uncertainties have
been calculated according to [28].

thermal resistances of between 0.16 - 0.20K∕W [25], the developed
configuration is more compact, permitting the addition of more ther-
moelectric modules per unit of length of the hot side heat exchanger,
leading to a minimum temperature drop, lower visual impact, and
easing the assembly and field installation.

3. Prototype’s description

Once proved that both the hot and cold side heat exchangers have
low thermal resistance values and are appropriate for the geothermal
thermoelectric generator, this section describes the whole GTEG.

According to Section 2.2, the thermal characterization of the two
phase closed thermosiphon presents a decrease in the temperatures
with an increase of the length. Hence, as more thermoelectric modules
are added, the required length of the thermosiphon increases and
therefore, the temperature difference between the sides of the upper
thermoelectric modules will diminish. If this happens, their efficiency,
i.e., their ability to convert heat into electrical energy through the
Seebeck effect, would also diminish, reducing the generated power.

In order to check the theoretical results in practice, it was decided
to build two geothermal thermoelectric generators with thermosiphons
of different lengths. This will allow comparing the influence of the
modules number and the temperature decrease with height. In these
two hot side heat exchangers, the part inserted in the hot source is equal
but the part with thermoelectric modules is 1 m long with 10 TEMs in
one of them and 0.85 m with 6 modules in the other one. The modules
are Marlow TG12-8L [31], composed by 127 Bismuth-Telluride ther-
mocouples and able to operate with temperatures up to 230 ◦C, which
were selected because of their adequacy for the temperature range in
which the GTEG will work. In the generator, they are series-connected
by pairs and these are placed one in front of each other, with one cold
side heat exchanger per module (see Fig. 7).

As Fig. 8 shows, a copper block is responsible for transmitting the
heat from the thermosiphon to the hot side of the module, adapting
the round shape of the TPCT to the plane shape of the TEM. The cold
side heat exchangers consist in the devices described at the beginning
of Section 2.2. These are placed in the upper part of the thermosiphon,
each 15 cm apart because this is the minimum distance that is allowed
by the curvature of the heat pipes. This way, there are 5 levels in the
bigger thermosiphon and 3 levels in the smaller one.

A graphite sheet is used as thermal interface material (TIM) between
the copper block and the hot face of the module and between the
cold face and the cold side heat exchanger. The whole cold side is
assembled to the TPCT on the hot side. Therefore, contact will be a
6

Fig. 7. Three-dimensional design of the GTEG.

Fig. 8. Cold side assembly.

very critical point in the assembly, since the temperatures in the faces
of the modules will depend on it [32].

After checking the good performance of the heat exchangers, the
whole devices were assembled. Fig. 9 depicts this assembly installed in
a structure built at the laboratory simulating the borehole.

To resemble the geothermal heat at the laboratory, rope heaters
were coiled around the inserted length of the two phase closed ther-
mosiphon, and covered first with a 150 mm layer of rock wool
(k = 0.035W∕mK) and afterward with a 20 mm layer of neoprene
(k = 0.1W∕mK) to avoid thermal losses. The upper part of the hot
side heat exchanger was also insulated with rock wool to ensure that
condensation occurs only on the thermoelectric modules. An obus valve
was welded to the two phase closed thermosiphon in order to fill it with
a part of distilled water and to purge the interior air.
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Fig. 9. Complete GTEG constructed in laboratory. Depiction of the main parts that compose it.
Table 2
Resolution and accuracy of the measuring instruments.

Instrument Measure Accuracy Resolution

INA219 Sensor Voltage (V) ±0.02 0.01
INA219 Sensor Current (A) ±0.02 0.01
K-type thermocouple SRTC-GG-KI-2M Temperature (◦C) ±0.5 0.1
Anemometer Ahlborn FVAD15-H Air velocity (m/s) ±1.5% 0.01

4. Results

This section presents and explains the obtained results of the whole
geothermal thermoelectric generator’s experimentation at the labora-
tory, focusing on the study of its generation capabilities for different
operating conditions. In order to differentiate the two generators, from
now on, the prototype with 10 thermoelectric modules is denoted
Prototype A, while the 6 modules one, Prototype B.

Different sensors were installed in various positions (shown in
Fig. 10) of the GTEG to carry out the study. Regarding the temper-
atures, in each prototype the external temperature of the tube was
measured at the lower part, which simulates the geothermal heat
source’s temperature (𝑇𝑔). Also, temperatures at the first and last levels
of each prototype were measured in both faces of the thermoelectric
module (𝑇𝐻 ) for the hot side and (𝑇𝐶 ) for the cold one. Additionally,
temperatures in two points of the ambient (𝑇𝑎𝑚𝑏1 and 𝑇𝑎𝑚𝑏2) were mon-
itored. There were also two temperature measurements at the external
layer of the insulation neoprene (𝑇𝑙𝑜𝑠1) and (𝑇𝑙𝑜𝑠2) in order to confirm
there were not thermal losses. All of them were measured by means of
K-type thermocouples and Maxim Integrated MAX31855PMB1 periph-
eral modules [33]. Their corresponding resolution and accuracy data
are detailed in Table 2.

In addition, there were 8 total measurement points of the generated
power, one per pair of thermoelectric modules connected in series. This
generation was obtained by sensing voltage (𝑉 ) and current intensity
(𝐼) thanks to Adafruit INA219 breakout boards at each level [34].
These devices were connected to an Arduino plate which registered
the data and sent it to a Raspberry Pi which was able to process the
7

Fig. 10. Temperature, voltage and intensity measurement points.

data and upload them to a server. This allowed monitoring remotely
the performance of the GTEG.

4.1. Optimum load resistance

The first experiment’s objective was to find out the optimum electri-
cal load resistance (𝑅𝐿𝑜𝑎𝑑) that maximizes generation, as the modules’
efficiency depends on the electrical loads to which they are connected.
For that purpose, a heat flux was supplied to the rope heaters in order to
maintain a constant source temperature of 120 ◦C. The modules in each
level were connected to different electrical resistors of the following
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Fig. 11. Generated Power by GTEGs for different electrical load resistances. (a) Prototype A. 10 TEM, 5 levels. (b) Prototype B. 6 TEM, 3 levels.
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alues: open-circuit, 4, 6.6, 12 and 22.6 Ω and when the temperatures
stabilized, the generated power for each load resistance was measured.

The results of this experiment for prototype A (10 modules) and B
(6 modules) are represented in Fig. 11, where both prototypes reach
the maximum generated power for 6.6 Ω, having a fast increase for
ow load resistances and after a slow decrease for higher values of load
esistances. As in each level there are 2 modules in series, the optimum
𝐿𝑜𝑎𝑑 is 3.3 Ω per module, a very similar value to the one obtained in
atalan’s article [25] and also to the internal electrical resistance of the
odules [31]. Thus, the next experiments were made with the modules

onnected to this optimum load resistance.

.2. Power generation

The following target was to test the operation of the prototype under
ifferent conditions to see if this generator is adequate to be installed
n the mentioned shallow hot dry rock field.

The generator was working at the laboratory during 10 days in
hich the supplied power to the rope heaters was varied in order to
et different temperature differences between the simulated ground
nd the environment. Tests were made first in natural convection and
hen in forced convection with a 1.5m∕s wind provided by a fan. These
ater tests resemble better to real conditions where forced convection
s expected to be continuously present.

Fig. 12 shows the total generated power for different temperature
ifferences between heat source and ambient for prototypes A and
. The maximum generated power by both prototypes was 36 W for
temperature difference of 160 ◦C, from which 17 W correspond to

rototype A, and 19 W to prototype B.
Both GTEGs behave the same way, presenting a generated power

hat always linearly grows with the temperature difference between
ource and ambient. In both cases, for equal temperature difference
etween source and ambient, the generated power is higher in forced
onvection because wind improves the convection heat transfer coef-
icient (ℎ) [35,36], reducing the cold side heat exchanger’s thermal
esistance, which brings its temperature closer to the ambient tem-
erature, thus increasing the module’s efficiency, which permits the
odules to generate more power.

Also for both prototypes the slope of the tendency line is greater
n forced convection. As the temperature difference between the hot
nd the cold sources increases, the difference between the generation
ith wind and without wind increases. This happens because in natural

onvection, there is a part of the heat dissipated by the lower levels
hat reaches the upper levels and does not allow the difference in
emperature between the faces of the modules in the upper levels
e as high as in the lower ones. When there is wind, it prevents
8

he lower dissipaters’ heat from reaching the top, homogenizing the
oundary conditions. Therefore, a greater difference in temperature
etween sources makes the increase in generation more noticeable in
he presence of wind.

The tendency of prototype B has a steeper slope than those of
rototype A, and the generated power by B for the same thermal
ifference is greater than in A. As an example, when the temperature
ifference between source and ambient in forced convection is 150 ◦C,

Prototype A generates 14.7W while Prototype B generates 17.4W.
Furthermore, for the same temperature difference, total generated

ower experiences a greater increase in the presence of wind in pro-
otype B than in prototype A. For example, for a thermal difference
f 140 ◦C, the power generated by prototype A in forced convection
ncreases 50% with respect to natural, while in prototype B the increase
s 82%. As in these GTEGs there is one CHE per thermoelectric module
ut all modules share the same HHE, considering the thermal resistance
quivalent scheme of Fig. 1 there is a common hot side branch and
s many parallel branches in the cold side as TEMs in the generator.
rototype A, which has 10 modules, has 10 parallel branches in the
old side and its equivalent thermal resistance will be lower than in
rototype B, that has only 6 modules. Then, as the equivalent cold side
hermal resistance diminishes with more TEMs, the hot side thermal
esistance becomes more significant. Since the wind reduces the CHE’s
hermal resistance (by increasing the convective heat transfer coeffi-
ient, ℎ), this improvement is more noticeable in prototype B, because
n prototype A the improvement is camouflaged by the predomination
f the HHE’s thermal resistance.

In order to see the generation difference in each level of the pro-
otypes, these values are represented in Fig. 13. As can be observed,
here is a greater dispersion in the tests with natural convection than
n forced. As the tests are long, lasting approximately two days each,
here is a variation in the external conditions that cannot be controlled
ambient temperature, convection, sunlight...) which in natural con-
ection have an influence. But when we introduce the wind, as it is
orced convection, the conditions that take place in the vicinity of the
rototype are homogenized and the results become more stable.

In Fig. 13 it can be seen that in prototype B the generation of each
evel is very similar, even identical in forced convection and following
trend of higher generation in the first level and lower in the last one,
ue to the proximity to the heat source and to the temperature drop that
he TPCT experiments with height. However, it can also be observed
hat in prototype A there is a great differentiation between levels, being
he first level the one that generates more electrical power. In this case,
t does not follow a logical tendency according to the proximity to the
eat source, which might be caused by an unsuccessful contact in some
odules of prototype A, which could be different in each floor due to

he possible variations in the manual assembly.
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Fig. 12. Total Generated Power by GTEGs for different temperature difference between heat source and ambient. Comparison between natural and forced (v = 1.5 m/s) convection.
(a) Prototype A. 10 TEM, 5 levels. (b) Prototype B. 6 TEM, 3 levels.
Fig. 13. Generated Power by GTEGs’ level for different temperature difference between heat source and ambient. Comparison between natural and forced (v = 1.5 m/s) convection.
(a) Prototype A. 10 TEM, 5 levels. (b) Prototype B. 6 TEM, 3 levels.
4.3. Thermal and efficiency analysis

To better understand the influence of convection on the thermal
resistance of each part of the GTEG, the measured temperatures in
different points were represented, both in natural and forced convec-
tion with a wind speed of 1.5m∕s, in a specific moment when the heat
source and ambient temperatures were the same for both prototypes.
These values are represented in Fig. 14. As can be observed, the main
distinction is the thermal jump in the cold side heat exchanger, which
is significantly lower in the presence of wind. Wind improves the
convection coefficient and, according to Eq. (6), convective thermal
resistance (𝑅𝑐𝑜𝑛𝑣) is inversely proportional to it. In the heat pipes’
performance, boiling (𝑅𝑏), condensation (𝑅𝑐) and conduction (𝑅𝑐𝑜𝑛𝑑)
resistances are also present in accordance with Eq. (7). Here, convec-
tion resistance is more significant than conductive and boiling thermal
resistances [25,35,37] and therefore, an increase in ℎ will produce that
the total resistance of the heat pipe (𝑅ℎ𝑝) significantly decreases. Thus,
the temperature in the cold side of the thermoelectric modules is very
close to the ambient temperature. As a consequence, the temperature
difference between the hot and cold sides of the thermoelectric modules
is higher in forced than in natural convection. This effect is of inter-
est, as the power generated by the modules depends on the thermal
difference between their faces, and this GTEG is designed with the
aim of a future installation in Timanfaya National Park (Spain), which
is a windy zone. Values of 𝛥𝑇 and 𝛥𝑇 in Fig. 14 highlight
9

𝐻𝐻𝐸 𝐶𝐻𝐸
the good performance of the developed heat exchangers, which obtain
temperatures in the modules’ sides close to the temperatures of the heat
and cold sources, with the absence of auxiliary consumption, without
moving parts nor need for maintenance.

𝑅𝑐𝑜𝑛𝑣 = 1
ℎ𝐴𝜂𝑓𝑖𝑛𝑠

(6)

𝑅ℎ𝑝 = 𝑅𝑏 + 𝑅𝑐 + 𝑅𝑐𝑜𝑛𝑑 + 𝑅𝑐𝑜𝑛𝑣 (7)

In view of the total generated power, forced convection is the most
favorable case. As it is the expected condition in real operation, the
GTEG’s efficiency (𝜂) was calculated in this condition in 3 cases of
study for each prototype according to Eq. (8), where 𝑚 is the number
of thermoelectric modules per prototype, and �̇� is the heat provided by
the source. The provided heat flux, average temperatures in both sides
of the thermoelectric modules, total generated power and the efficiency
values of each prototype are shown in Table 3.

𝜂 =

𝑚
∑

𝑖=1
𝑃𝑖

�̇�
=

𝑃𝑡𝑜𝑡

�̇�
(8)

�̇� = 𝑉𝑠𝑜𝑢𝑟𝑐𝑒𝐼𝑠𝑜𝑢𝑟𝑐𝑒 (9)

Fig. 15 shows the efficiency results versus the temperature differ-
ence between the heat source and the ambient, in the ranges that
could be found in field, where for equal heat source temperatures, the
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Fig. 14. Temperature drop in the Hot Side Heat Exchanger (HHE), Thermoelectric
Modules (TEM) and Cold Side Heat Exchanger (CHE) of prototype A. Comparison
between natural and forced (v = 1.5m∕s) convection in a specific case where the
temperature difference between the heat source and the ambient was 108 ◦C.

Fig. 15. Thermoelectric Modules’ Efficiency vs. Thermal jump from the hot to the cold
source. Comparison between Prototype A and B.

efficiency is 11% higher in prototype B than in A for a temperature
difference between the heat source and the ambient of 130 ◦C and 10%
higher for a difference of 150 ◦C, following a linear tendency. For a
temperature difference between the heat source and the ambient of
160 ◦C, prototype B reaches an efficiency of 4.06% while prototype A,
3.72%, following the linear tendency. This decrease confirms that a
higher length in the thermosiphon, despite having more thermoelectric
modules, does not lead directly to major power generation, but instead
have a negative influence, making the geothermal thermoelectric gen-
erator less efficient. This is in accordance with the thermal resistances
equivalent scheme in Fig. 1, from which one can deduce that if we
add thermoelectric modules, the equivalent hot side resistance per
thermoelectric module (𝑅𝐻𝐻𝐸 ⋅𝑚) is higher, and as a consequence, the
hot side temperature of the module (𝑇𝐻 ) diminishes, obtaining a lower
𝛥𝑇 and less efficiency in the module.

5. Conclusions

In conclusion, this article has demonstrated experimentally the fea-
sibility of thermoelectricity to generate electricity from high enthalpy
geothermal anomalies in shallow hot dry rock fields. The generator
developed in this work is capable of generating 36 W in total (from
10
Table 3
Heat flux, hot and cold side temperatures average of the TEMs, total generated power
and efficiency of each prototype (A and B), represented in 3 cases of study for each
prototype with forced convection (v = 1.5m∕s).

Case �̇� (W) 𝑇𝐻 (◦C) 𝑇𝐶 (◦C) 𝑃𝑡𝑜𝑡 (W) 𝜂 (%)

A-1 332.67 100.4 31.5 9.14 2.75
A-2 425.10 118.3 31.3 14.18 3.34
A-3 470.55 128.4 33.7 16.78 3.57

B-1 343.96 121.0 33.9 11.49 3.34
B-2 439.39 143.0 34.4 17.38 3.96
B-3 482.72 156.9 37.8 20.38 4.22

which 17 W correspond to the power generated by prototype A, and
19 W by prototype B) with a temperature difference between the heat
source and the environment of 160 ◦C, without auxiliary consumption.

By means of an experimental study of different heat exchangers,
a GTEG was designed with a thermal resistance of 0.07 K/W in the
hot side heat exchanger and 0.4 K/W in the cold side heat exchanger.
Both exchangers are totally passive, as their operating principle is phase
change. Furthermore, water is their working fluid, which makes them
totally innocuous.

Different temperature and convection conditions were tested,
demonstrating that this passive GTEG performs well in forced convec-
tion, with efficiency values (for a temperature difference between the
heat source and the environment of 160 ◦C ) of 4.06% in the prototype
with 6 modules and 3.72% for the one with 10 modules, but which is
able to operate even in natural convection.

The influence of height in the generator’s efficiency was also deter-
mined, demonstrating that an increase in the number of thermoelectric
modules in the GTEG may cause a drop in the total power generation.
Moreover, the decrease in efficiency when the number of modules is
increased, remarks the importance of compactness in these GTEGs.

This thermoelectric generator for geothermal energy (GTEG) is a
novel and robust device without moving parts nor need for mainte-
nance, which is able to use a constant, reliable and renewable source
of energy with low impact. In short, a passive generator that demon-
strates the viability of this technology to take advantage of the natural
resources as high enthalpy geothermal anomalies present in shallow
hot dry rock fields and to provide electricity in a renewable and
environmentally friendly way.
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